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Recent evidence indicates that there is stronger nitrification in the euphotic zone than previously thought. We
employ a physical-biogeochemical model to study the implications of nitrification for basin-scale distributions of
nitrate, ammonium, and biological production in the equatorial Pacific. The model can faithfully reproduce observed
features in nitrate distribution, with or without photoinhibition of nitrification in the euphotic zone. In addition, new
production, net community production and export production are not very sensitive to the parameterization of
nitrification in this model. However, simulated ammonium distribution, nitrate uptake and ammonium uptake are
sensitive to this parameterization. High nitrification results in low ammonium concentration, low ammonium uptake
rate, and high nitrate uptake rate in the euphotic zone. This study suggests that nitrification may be responsible for
up to 40% of nitrate uptake in the equatorial Pacific. This modeling study also demonstrates large differences
(in terms of the magnitude and spatial distribution) between nitrate uptake, new production and export production,
reflecting decoupling of upward nutrient supply, biological uptake and downward export.
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The equatorial Pacific Ocean is the largest oceanic
source of carbon dioxide (CO2) to the atmosphere [1].
The strong outgassing is partly attributable to the low
efficiency of the “biological pump”, i.e., the export of
particulate organic materials from surface waters to the
deep ocean. Thus, studying the “biological pump” is crit-
ical to our understanding of the carbon cycle. Due to the
difficulty in measuring export production, an alternative
approach, measuring new production, has been employed
to determine the magnitude of the “biological pump”. In a
steady state, new production, defined as uptake of pre-
formed nitrogen (primarily nitrate) that is transported
from deep waters into the euphotic zone, should equal to
export production [2,3,4].
In practice, new production is often determined by
measuring nitrate consumption by phytoplankton. This* Correspondence: wwang@essic.umd.edu
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reproduction in any medium, provided the origapproach may lead to overestimation due to nitrification
(i.e., oxidation of ammonium to nitrate) in the euphotic
zone [5] because there is strong evidence of nitrification
in the euphotic zone of the global ocean [6,7,8,3,9]. For
example, a field study shows considerable nitrification in
the euphotic zone of the equatorial Pacific, especially in
the strong upwelling region [6]. However, early studies
provided evidence of photoinhibition of marine nitrifying
bacteria (e.g., [10,11]). Therefore, photoinhibition has trad-
itionally been applied to nitrification in many biogeochem-
ical models (e.g., [12,13,14,15,16]). Yet, there has not been
much attention paid to the implication of nitrification for
estimating new production until recently [3,9].
While one may conclude that the nitrate consumption
approach to estimating new production leads to an over-
estimation of the magnitude of new production and the
efficiency of the “biological pump” due to nitrification in
the euphotic zone, the process of nitrification itself is
still not fully understood. Our understanding of the fac-
tors that influence nitrification is limited, partly due to
the inconsistencies among methodologies [3], and also,ger. This is an Open Access article distributed under the terms of the Creative
mmons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
inal work is properly credited.
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ammonium oxidation [9]. Using available observational
studies, Yool et al. [3] derived a large range of the spe-
cific nitrification rate, from <0.0 to >1 d−1. This range is
not only because of techniques and designs, and also be-
cause of natural temporal and spatial variability. How-
ever, most biogeochemical models (e.g., [13,14,15,16])
apply a relatively low rate, ranging from 0.02 to 0.1 d−1
with photoinhibition in the euphotic zone. Clearly, not
only more observations are warranted to better under-
stand nitrification and associated processes, but there is
also a need for further modeling studies to assess the
implications of different specific nitrification rates for
the nitrogen cycle in the upper ocean.
Here, we use a fully coupled physical-biogeochemical
model to address this issue in the equatorial Pacific
which has large spatio-temporal contrasts in physical
and biogeochemical fields. Our approach includes the
use of observations for integrated model assessments of
nitrate, ammonium, nitrate consumption, and total ni-
trogen uptake. We present model-data comparisons of
nitrate and ammonium to test different nitrification sce-
narios. The objective of this study is to assess if nitrate
uptake can represent new production or export produc-
tion and what the implications of nitrification are for the
equatorial Pacific.
Methods
A 3-dimensional physical-biogeochemical model has
been developed for the equatorial Pacific. The ocean
general circulation model (OGCM) is based on a primi-
tive equation, σ-coordinate model that is coupled to an
advective atmospheric mixed layer model [17]. The
model is forced by solar radiation, cloudiness, surface
wind stresses, wind speeds and precipitation, but the air
temperature and humidity are computed by an advective
atmospheric mixed layer model coupled to the OGCM
so that sea surface temperature (SST) can be determined
interactively without prescribing the latent and sensible
heat fluxes and long wave radiation. The solar radiation
and cloudiness are climatological monthly means, and
precipitation is interannually varying six-day means. We
also use interannual, six-day means of the surface wind
stresses and wind speeds (1978–2007). All the forcing data
were obtained from the National Centers for Environmen-
tal Prediction (NCEP) reanalysis [18].
The biogeochemical model consists of ten compo-
nents: seven biological pools and three nutrients (ammo-
nium, nitrate, and dissolved iron) pools (Figure 1). The
biological pools include dissolved organic nitrogen, and
two sizes (large and small) of phytoplankton, zooplank-
ton and detritus, respectively. Model equations and bio-
logical parameters are described in Wang et al. [19]. The
biogeochemical model is a nitrogen-based model withiron limitation. Phytoplankton growth (thus nitrogen up-
take) is a function of nitrogen, iron, temperature and
light conditions. Parameterizations of nitrogen uptake
and regeneration were described by Wang et al. [20].
Our modeling effort has included extensive use of obser-
vational data for model calibration and validation; e.g.,
dissolved and particulate organic nitrogen [19], basin-
scale chlorophyll distribution [21], nitrate and ammo-
nium uptake, and ammonium regeneration [20].
Here, we carry out a sensitivity experiment to test the im-
plication of nitrification for the nitrogen cycle, using com-
monly used range of specific nitrification rate in most
biogeochemical models (e.g., [16,13]). The sensitivity study
consists of four simulations: standard, NITR1, NITR2 and
NITR3. For the standard simulation, nitrification (0.04 d−1)
occurs only below the euphotic zone. For the NITR1, nitri-
fication rate is constant (0.02 d−1) throughout the water col-
umn. The NITR2 experiment has a low rate (0.02 d−1) for
the euphotic zone, and high rate (0.06 d−1) below the eu-
photic zone. The NITR3 has a constant specific nitrification
rate of 0.06 d−1 throughout the water column. The experi-
ment allows us to compare ammonium and nitrate concen-
trations and their uptake rates with (the standard and
NITR2) and without (the NITR1 and NITR3) photoinhibi-
tion of nitrification in the euphotic zone.
Results
To assess the basin-scale consequences of nitrification,
we compared the climatology of nitrate for the equator-
ial Pacific Ocean between the model simulations and ob-
servations from the World Ocean Database [22]. There
were only minor differences in the surface nitrate among
the four simulations (Figure 2). These results indicated
that modeled nitrate was not highly sensitive to the
parameterization of nitrification commonly used in the
biogeochemical models, which was also noted by Mongin
et al. [23]. Overall, the model, with or without photoinhi-
bition of nitrification, reproduced many observed features
of nitrate, including the spatial pattern and magnitude.
For instance, both data and model simulations (Figure 2a
and 2b) showed much higher nitrate concentration in the
eastern upwelling region (~10 mmol m−3) relative to the
western warm pool (0–1 mmol m−3), and also the equa-
torial asymmetry (i.e., high concentration to the south of
the equator).
Physical and biogeochemical parameters were mea-
sured during the EBENE cruise (October-November,
1996) along 180° in the equatorial Pacific (see introduc-
tion by [24]). Specifically, intensive sampling of nitrate
and ammonium profiles was carried out at the equator
and 3°S for five days [25]. Figure 2 shows the observed
nitrate and ammonium profiles against simulated pro-
files from the sensitivity study for the upper 200 m of
the water column. Observations show similar values for
Figure 1 Flow diagram of ecosystem model. Red, green, blue, yellow and brown lines and arrows denote nitrogen fluxes originating from
inorganic forms, phytoplankton cells, zooplankton cells, DON and detritus, respectively. Black lines and arrows denote physical supply of nutrients.
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but considerable differences in the subsurface, particularly
at ~100 m. The observed subsurface nitrate concentration
was higher at the equator than at 3°S whereas the ob-
served subsurface ammonium concentration was lower at
the equator than at 3°S. The decoupling betweenFigure 2 Climatology of surface nitrate concentration (mmol N m−3) f
Database, and differences in surface nitrate between the standard anammonium and nitrate was mainly a result of upwelling
that brings up high-nitrate-low-ammonium water from
deep layer. There were other studies showing similar fea-
tures in ammonium distribution in the equatorial Pacific,
particularly stronger deep ammonium maxima (DAM) off
the equator than on the equator [26,27,28].rom (a) the standard simulation, and (b) the World Ocean
d (c) NITR1, (d) NITR2, and (e) NITR3 simulations, respectively.
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simulations albeit slightly higher in concentrations than the
observations. The model-data mismatch in nitrate is mainly
obvious at 3°S, particularly below the surface where mod-
eled nitrate concentrations are approximately 3 mmol m−3
higher than the observations. Unlike nitrate, ammonium
profiles show pronounced differences among the four
model simulations (Figure 2c and 2d). Apparently, the
standard simulation with zero-nitrification produces the
highest ammonium concentrations in the euphotic zone,
which are nearly 100% higher than the observations. As ex-
pected, modeled ammonium concentration decreases with
increasing specific nitrification rate. For instance, the
NITR3 simulation with the highest specific nitrification rate
(0.06 d−1) produces the lowest ammonium concentration.
The simulated ammonium profile from the NITR3 run
shows only a weak DAM, and small spatial differences in
concentration between the equator and 3°S. It appears that
the application of specific nitrification rate of 0.06 d−1
slightly underestimates the subsurface ammonium concen-
tration. On the other hand, the NITR1 simulation, applied
with the lowest specific nitrification rate (0.02 d−1) below
the euphotic zone, shows a pronounced overestimation of
ammonium concentration below 120 m.Figure 3 Profiles of (a) and (b) nitrate, and (c) and (d) ammonium at 0
October-November, 1996. Symbols denote data [8]. Lines represent mod
NITR3 (blue). Dashed lines indicate the euphotic depth.Previously, a modeling study showed that increasing
nitrification rate from 0.02 d−1 to 0.2 d−1 resulted in a
significant increase (>60%) in the global nitrate uptake
but relatively no increase in the total primary production
[3]. Figure 3 shows comparisons of the total nitrogen
uptake, nitrate uptake, export production and net com-
munity production between the standard and NITR3
simulations for the equatorial Pacific. While the total ni-
trogen uptake was not expected to change (see details in
[20]), our results also show little change in export pro-
duction and net community production. However, there
is a pronounced increase (20-50%) in the integrated ni-
trate uptake in the euphotic zone when nitrification rate
is increased from 0 to 0.06 d−1.
Table 1 presents comparisons of nitrogen fluxes be-
tween the standard and NITR3 simulations in the
Wyrtki box (5°N-5°S, 180°-90°W). Relative to the stand-
ard simulation, the NITR3 produces significantly higher
rate of nitrate uptake (0.97 mmol N m−2 d−1), but lower
rate of ammonium uptake (0.99 mmol N m−2 d−1). How-
ever, the differences of the total nitrogen uptake, new
production and export production are extremely small
between the two simulations. Estimated rates of new
production and export production show some degree of° (left panel) and 3°S (right panel) along 180° during
el simulation for the standard (black), NITR1 (red), NITR2 (green) and
Table 1 Modeled rates (mmol N m−2 d−1) of nitrate,
ammonium and total N uptake, nitrification, new
production, and export production during 1990–2000 in
the Wyrtki box (5°N-5°S, 180°-90°W)
Standard NITR3
5°N-0° 0°-5°S 5°N-0° 0°-5°S
Nitrate uptake 1.90 1.90 2.87 2.87
Ammonium uptake 6.83 6.43 5.84 5.45
Total N uptake 8.73 8.33 8.71 8.32
Nitrification 0.22 0.19 1.27 1.17
New production* 1.68 1.71 1.60 1.70
Export production at 120 m 1.14 1.08 1.14 1.08
*New production = nitrate uptake – nitrification.
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take shows no asymmetry (Figure 4). Interestingly, new
production is higher to the south than to the north in
the eastern equatorial Pacific whereas export production
is the highest to the north in the central equatorialFigure 4 Climatology of (a) and (b) total nitrogen uptake (0–120 m) (
d−1), (e) and (f) export production at 120 m (mmol N m−2 d−1), and (g) an
from the standard (left panel) and NITR3 (right panel) simulations.Pacific. The former reflects higher biological production
(nutrient uptake) to the south as a result of stronger up-
welling [24] whereas the latter reflects horizontal export
of organic materials to outside of the strong upwelling re-
gion. As shown in Table 1, the rate of new production
(1.7 mmol N m−2 d−1) is considerably higher than the rate
of export production (1.1 mmol N m−2 d−1) in the Wyrtki
box, indicating 35% of new production is exported
to elsewhere.
Discussion and conclusion
The mean and median specific nitrification rates are
0.55 d−1 and 0.195 d−1, respectively, as estimated from
the sparse observations in the global ocean [3]. Biogeo-
chemical models typically apply a constant specific ni-
trification rate, ranging from 0.02 to 0.1 d−1 with
photoinhibition in the euphotic zone [16,15,13,14].
While this study shows that such a low rate may be a
reasonable average over large scales, it is questionable
whether measured nitrification rate at a specific timemmol N m−2 d−1), (c) and (d) nitrate uptake (0–120 m) (mmol N m−2
d (h) net community production in the mixed layer (mmol N m−2 d−1)
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scales. On the one hand, a better parameterization of the
nitrification process (e.g., non-linear relationship to ammo-
nium concentration) is essential for biogeochemical models
to improve model skills [29]. On the other hand, more field
studies are needed to provide insights for modeling the ni-
trification process; e.g., regulatory factors and mechanisms.
Biogeochemical model validations often focus on ni-
trate distribution, largely driven by data availability. This
study indicates that modeled nitrate distribution is not
very sensitive to some parameterizations (e.g., nitrifica-
tion). Ammonium, revealing considerable spatial and tem-
poral variations with relatively low concentrations, may
provide a sensitive and realistic check on the performance
of biogeochemical models [30]. Moreover, an approach
with integrated validations of concentrations and uptake
rates of both nitrate and ammonium would provide an
overall assessment on biogeochemical model skills [20],
which requires integrated observations of different nitro-
gen forms and fluxes such as Raimbault et al. [6].
There is a large range (~0.01 d−1 to >1 d−1) in the spe-
cific nitrification rate [3], which is derived from the daily
rate of ammonium oxidation divided by the ambient am-
monium concentration. The former, reflecting micro-
biological activity, is regulated by environmental condi-
tions whereas the latter is affected by the processes in-
volving the generation and removal of ammonium.
Thus, field measurements remain difficult and may
introduce potential errors and uncertainties because
simultaneous processes may interfere with rate measure-
ments [8]. Clearly, further studies with advanced meth-
odology are needed not only to determine the specific
nitrification rate, but also to better understand the regu-
lating processes, i.e., the controlling of light, temperature
and other factors. Moreover, studies of other associated
processes (e.g., ammonium uptake and inhibition) would
advance our understanding of the marine nitrogen cycle.
Many studies have shown that nitrification is not negli-
gible in the euphotic zone of the global ocean. For example,
a recent field study demonstrated that nitrification in the
euphotic zone could support 3-100% of nitrate uptake (e.g.,
[5]) . This study suggests that nitrification may be respon-
sible for up to 40% of nitrate uptake in the equatorial
Pacific. There are large differences in magnitude and spatial
distribution between nitrate uptake, new production and
export production, suggesting that the classic assumption
of upward flux of nitrate equal to downward flux of sinking
organic nitrogen may not be applicable in the real ocean
where three-dimensional activities decouple the associated
processes, i.e., upward inorganic nutrient supply, biological
uptake in the euphotic zone, and downward export of or-
ganic materials [31]. Therefore, the traditional view of “a
steady state” ocean may not be applied to small-scale re-
gions. The present study is obviously only the first step indemonstrating the importance of parameterization of nitri-
fication in models. Further studies with longer simulations
are needed to demonstrate larges implication of nitrification
on seasonal-to-interannual and longer timescale variability
of new production.
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